Abstract The pseudoautosomal region (PAR) is essential for the accurate pairing and segregation of the X and Y chromosomes during meiosis. Despite its functional significance, the PAR shows substantial evolutionary divergence in structure and sequence between mammalian species. An instructive example of PAR evolution is the house mouse Mus musculus domesticus (represented by the C57BL/6J strain), which has the smallest PAR among those that have been mapped. In C57BL/6J, the PAR boundary is located just *700 kb from the distal end of the X chromosome, whereas the boundary is found at a more proximal position in Mus spretus, a species that diverged from house mice 2-4 million years ago. In this study we used a combination of genetic and physical mapping to document a pronounced shift in the PAR boundary in a second house mouse subspecies, Mus musculus castaneus (represented by the CAST/EiJ strain), *430 kb proximal of the M. m. domesticus boundary. We demonstrate molecular evolutionary consequences of this shift, including a marked lineage-specific increase in sequence divergence within Mid1, a gene that resides entirely within the M. m. castaneus PAR but straddles the boundary in other subspecies. Our results extend observations of structural divergence in the PAR to closely related subspecies, pointing to major evolutionary changes in this functionally important genomic region over a short time period.
Introduction
Proper pairing and segregation of homologous chromosomes during meiosis is essential for the production of viable gametes. Crossing over physically links homologous chromosomes, helping to ensure the fidelity of this process. Although autosomes may recombine throughout their lengths, the X and Y chromosomes are mostly distinct, lacking the sequence similarity required for exchanging material. For the X and Y chromosomes, recombination is restricted to the pseudoautosomal region (PAR), a short stretch of sequence homology (Burgoyne 1982; Cooke et al. 1985; Simmler et al. 1985) where an obligate crossover occurs during meiosis (Keitges et al. 1985; Rouyer et al. 1986; Soriano et al. 1987) . Inhibition of recombination in the PAR can cause sex chromosome aneuploidy (Shi et al. 2001 ) and meiotic arrest (Gabriel-Robez et al. 1990 ; Burgoyne et al. 1992; Mohandas et al. 1992) .
Despite its central role in pairing and segregation of the sex chromosomes, the PAR evolves rapidly. Compared to the rest of the genome, PAR sequence divergence is highly elevated between closely related species (Salido et al. 1996; Perry and Ashworth 1999; Schiebel et al. 2000; Filatov and Gerrard 2003; Montoya-Burgos et al. 2003; Huang et al. 2005; Bussell et al. 2006; Kasahara et al. 2010 ) and even among individuals of the same species (Schiebel et al. 2000) . The PAR also varies in size in a manner consistent with progressive degradation over evolutionary time (Graves 1995; Graves et al. 1998; Lahn and Page 1999; Skaletsky et al. 2003; Bergero and Charlesworth 2009 ). This pattern is most clearly documented in eutherian mammals, where considerable variation in PAR size has been found (Perry et al. 2001; Ross et al. 2005; Raudsepp and Chowdhary 2008; Young et al. 2008; Das et al. 2009 ). In all cases, the PAR boundaries have migrated from an ancestral location at the amelogenin loci (Iwase et al. 2003 (Iwase et al. , 2007 to various distal locations on the X chromosome.
Comparisons among taxa with known PAR boundaries have revealed little variation between closely related species. The PAR boundaries of orangutans, gorillas, chimpanzees, and humans are identical (Ellis et al. 1990 ), despite being separated by 4.1 million years of evolution (Hobolth et al. 2007) . PAR boundaries are also identical across ruminants, spanning *20.7 million years of evolution (Van Laere et al. 2008) . The identification of recently diverged species or subspecies that differ in PAR boundary position would provide a much-needed framework for understanding the evolutionary processes responsible for variation in this important genomic region.
House mouse subspecies (Mus musculus) provide a unique system for studying variation in the PAR and examining its functional consequences. Across species with mapped boundaries, the smallest PAR is found in house mice, where exchange between the X and Y chromosomes is restricted to an *700-kb region on the distal end of the X chromosome (Perry et al. 2001) . This large boundary shift is thought to have occurred during the last 2-4 million years (Perry and Ashworth 1999) since the common ancestor of house mice split from Mus spretus (She et al. 1990; Suzuki et al. 2004) . The current house mouse PAR boundary maps to intron 3 of the Midline1 gene (Mid1; synonyms: Fxy, Trim18) (Palmer et al. 1997) , whereas in M. spretus, rat, and humans, Mid1 is entirely X-linked (Dal Zotto et al. 1998; Perry and Ashworth 1999; Perry et al. 2001 ). This substantial change may be the result of a translocation from the ancestral Mid1 position to the current location spanning the PAR boundary (Galtier 2004) . Some intra-subspecific variation in PAR boundary position has been found among classical inbred mouse strains (primarily M. m. domesticus in origin) and has been associated with large repetitive DNA elements (Kipling et al. 1996a, b) . Nevertheless, it remains unclear whether the boundary varies among subspecies.
We use a combination of genetic and physical mapping to document a dramatic shift of close to 430 kb in the PAR boundary of M. m. castaneus relative to other subspecies of house mice, despite the short divergence time separating these lineages. We describe molecular evolutionary consequences of this boundary shift, including a localized increase in sequence divergence between M. m. castaneus and other mice at a gene near the M. m. domesticus PAR boundary. We propose that the M. m. castaneus PAR boundary is evolutionarily derived and discuss the implications of a highly variable PAR for male fertility in house mice. . The membranes were prehybridized for 30 min in hybridization solution (4 9 SSC, 1 % milk powder, 1 % SDS, 10 9 Denhardt's Reagent, 37 lg/ml salmon sperm DNA; Sigma, St. Louis, MO) at 65°C, followed by hybridization with the probe overnight at 65°C. After hybridization, the membranes were washed twice in wash buffer I (2 9 SSC, 0.1 % SDS) at 65°C for 30 min, once in wash buffer II (0.5 9 SSC, 0.1 % SDS) at 65°C for 15 min, and visualized with Hyblot CL film (Denville Scientific, Metuchen, NJ). Five clones were identified (CH26-362J9, CH26-287P17, CH26-273M10, CH26-467K7, and CH26-462C12) and were end-sequenced with T7 and SP6 primers. The end sequences were mapped to the C57BL/6J genome using the UCSC BLAST-like alignment tool (BLAT; Kent 2002) . The end sequences were deposited in GenBank under accession numbers JM426711-JM426720.
Materials and methods

Genetic
One clone from the X chromosome (CH26-467K7) and one clone from the Y chromosome (CH26-462C12) were shotgun sequenced using the TOPO Shotgun Subcloning Kit (Invitrogen, Carlsbad, CA). BAC colonies were grown overnight in 100 ml of LB medium, and DNA was isolated using the Plasmid Midi Kit (Qiagen, Valencia, CA) with the standard protocol, except the volumes of the lysis reagents were doubled to increase the efficiency of isolating low-copy plasmids. Approximately 10 lg of BAC DNA was sheared in a nebulizer (Invitrogen) with compressed nitrogen (10 psi, 60 s). About 2 lg of sheared DNA was used in subsequent reactions. Positive colonies were verified for inserts by colony PCR, amplifying with M13 forward and reverse primers. Inserts from 342 colonies from the Y chromosome clone and 66 colonies from the X chromosome clone were Sanger-sequenced directly from the colony PCR amplification by diluting the reaction 1:20, using 1 ll as template, and sequencing with M13 forward or reverse primers. The shotgun sequences were deposited in GenBank under accession numbers JN650207-JN650208.
BAC shotgun sequence reads were mapped to the mouse genome reference sequence using BLAT with default parameters. All reads were trimmed from the 3 0 end for a maximum sequence length of 1 kb. The highest scored BLAT alignment was chosen for each BAC read. Y chromosome BAC reads ended at a more distal location on the mouse reference X chromosome than the X chromosome BAC reads, localizing the PAR boundary to a narrow region. From this location the X and Y chromosome BACs were sequenced at regular intervals, walking proximally until sequence identity between the two chromosomes was lost.
The PAR boundary was verified with multiple primers, which sequenced in both directions across the boundary (primers given in Supplementary Table 1 ). The mouse reference genome was searched for homologous sequence with 500 bp from either side of the PAR boundary using BLAT. These sequences were also searched for interspersed repeats and low-complexity DNA sequences using RepeatMasker (A. F. A. Smit, R. Hubley, P. Green; http://repeatmasker.org).
Molecular evolution of the PAR
Alignments between C57BL/6J and rat from X chromosome positions 165, 980, 428, 730 were extracted from whole-genome alignments between the two species (Keane et al. 2011) . Consensus sequences of M. m. castaneus CAST , M. m. domesticus WSB , M. spretus (SPRET/EiJ), and a second strain of M. m. musculus (PWK/PhJ) (the M. m. musculus strain used to map the PAR boundary did not have genome sequence available) were added to the alignment (Keane et al. 2011) . Missing sequences in the house mouse subspecies were filled with N's. Some exonic sequences were missing from M. m. castaneus and M. spretus in the next-generation sequencing (Keane et al. 2011) . Using Sanger sequencing, these regions were found to be false negatives and were filled in for M. m. castaneus. Missing sequence in M. spretus was filled using a previously sequenced coding region (GenBank accession No. AF186460). The first phylogenetic analysis of Mid1 contained all exonic and intronic sequence from the start of exon 2 (the translation start site) through the end of exon 10. To investigate whether molecular evolutionary effects of PAR movement were visible in other strains of M. m. castaneus, we sequenced exons 2, 5, 6, and 7 from Mid1 in the M. m. castaneus (CIM) strain established from mice in India (provided by Francois Bonhomme, University of Montpellier). The M. m. castaneus CIM exon sequences were deposited in GenBank under accession No. JN651093. A second phylogenetic analysis involving M. m. castaneus CIM was conducted. This analysis was restricted to the four sequenced exons of Mid1 (only exons 2, 5, 6, and 7 were sequenced from CIM; primers given in Supplementary Table 1 ). The best-fitting model of molecular evolution was selected using MrModelTest (http://www.abc.se/ *nylander/mrmodeltest2/mrmodeltest2.html). The highest-scoring model was selected based upon Akaike's information criterion (Posada and Buckley 2004 ) (GTR ? Gamma for the phylogenetic analysis without CIM and GTR for the phylogenetic analysis with CIM). The phylogenetic tree was estimated using Mr. Bayes (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) with four Markov chains running for 2,000,000 generations (two simultaneous runs). The first 25 % of trees were discarded as burn-in. Topology and branch length priors were left at default settings.
Pairwise sequence divergence between each house mouse subspecies and M. spretus was examined across the region in 10-kb windows sliding at 1-kb increments. Distance was estimated in each window using PAUP* version 4.0b10 (Swofford 2002 ) with an HKY85 model (Hasegawa et al. 1985) , which accounts for variable rates of transitions and transversions as well as unequal base frequencies. Distances followed the same patterns across the PAR when alternative models of molecular evolution were used. G/C nucleotide content was quantified in 50-kb windows from the M. m. castaneus
CAST PAR boundary to the transcription start site of Mid1.
The molecular evolution of Mid1 was measured in both introns and exons. Intron lengths were inferred for each strain by calculating the total length of consensus sequences from the next-generation sequencing that mapped to the mouse reference genome (Wellcome Trust Sanger Institute; http://www.sanger.ac.uk/resources/mouse/genomes/). Missing sequencing reads were assumed to be deletions relative to the other subspecies. To verify this assumption, PCR fragments were amplified across the two introns with the largest deletions (M. m. castaneus: introns 2 and 3) and compared to the inferred intron length (primers given in Supplementary Table 1) . Amplification of the correct interval was confirmed by Sanger sequencing the PCR product (using the PCR amplification primers as sequencing primers). High levels of sequence divergence present in the next-generation sequencing of M. m. castaneus CAST were verified by Sanger sequencing in a subset of the ten exons (exons 2, 5, 6, and 7; primers given in Supplementary Table 1) . Rates of nonsynonymous and synonymous divergence in exons of Mid1 were calculated using MEGA version 5.0 (Tamura et al. 2007 ) under a Pamilo-Bianchi-Li model (Pamilo and Bianchi 1993) that allows for different substitution rates for transitions and transversions. GC-biased molecular evolution in the exons was quantified by calculating the proportion of substitutions from M. spretus that resulted in a G or C nucleotide (using M. spretus as a proxy for the ancestral state). The total proportion of G or C nucleotides was also quantified within regions of Mid1 introns that were alignable between all taxa (GCi) as well as the total proportion of GC nucleotides in the third codon positions throughout Mid1 exons (GC3). Degenerate nucleotides were ignored in all GC analyses.
Results
Mapping the PAR boundary
In crosses between M. m. domesticus WSB and M. m. castaneus CAST , we identified genotypes suggestive of pseudoautosomal inheritance at SNPs that are entirely X-linked in C57BL/6J (Perry et al. 2001 CAST BAC library that screened positive for a DNA probe within the PAR, near the boundary (*166.06 Mb). We end-sequenced five positive clones and mapped these to the mouse reference genome (C57BL/6J; NCBI build 37.2) using the UCSC BLAST-like alignment tool (BLAT) (Kent 2002) . Four clones originated from the X chromosome, with end sequences that shared greater than 95.8 % sequence identity with the X chromosome. A fifth clone spanned the PAR boundary on the Y chromosome. One end of this clone mapped to 166.07 Mb of the mouse reference genome (98.2 % sequence identity), whereas the other end had 100 % sequence identity with unmapped Y chromosome sequence.
We shotgun-sequenced the Y chromosome clone and generated 305.37 kb of sequence (342 reads) that was mostly homologous to the X and Y chromosomes of the reference mouse genome. All contigs that showed sequence identity with the X chromosome (140.31 kb of sequence, 152 reads) mapped between 165.98 and 166.07 Mb of the reference mouse genome (Fig. 1) . The other contigs had the highest sequence similarity to unmapped segments of the Y chromosome (157.52 kb of sequence, 179 reads) or to a small proportion of the autosomes (7.54 kb of sequence, 11 reads). In comparison, shotgun sequencing reads from one of the X chromosome clones spanned both sides of the boundary (65.70 kb of sequence, 66 reads; Fig. 1 ). The end of shotgun sequencing reads from the Y chromosome clone at 165.98 Mb, in conjunction with the switch from heterozygous to hemizygous genotypes in F1 hybrids (at 166.00 Mb), localized the M. m. castaneus CAST PAR boundary to 165.98 Mb, 430 kb proximal of the C57BL/6J boundary (Fig. 2) (Perry et al. 2001) .
To precisely position the PAR boundary, we used chromosome walking in the Y chromosome clone and in one X chromosome clone from the BAC screening. We sequenced from the most proximal X chromosome shotgun sequencing read and found an abrupt transition from nearly complete X and Y chromosome sequence homology to a complete absence of homology at position 165,980,014 of the reference mouse genome (Fig. 3) . We used BLAT to identify regions of the mouse reference genome sequence that matched the 250 bp of nonhomology between the X and Y chromosomes. As expected, the X chromosome sequence mapped to a position beginning at 165,980,013 in the reference mouse genome (99.6 % homology). The Y chromosome sequence shared 100 % sequence identity with unmapped Y chromosome contigs and some regions across the autosomes. We used RepeatMasker to identify Black vertical bars denote the ten exons of Mid1, which span the boundary in C57BL/6J (intron sizes are not drawn to scale between the two subspecies). The PAR boundary in M. m. castaneus is proximal to the Mid1 transcription start site. The centromere (cen.) and telomere (tel.) ends of the X chromosome are indicated any repetitive elements within the 250 bp that would result in alignment to multiple regions of the genome. The Y sequence was identical to a long interspersed repetitive element (LINE1; 99.6 % sequence identity) that is present throughout the mouse genome.
Mus (Fig. 5) , indicating an increase in the evolutionary rate in the M. m. castaneus CAST lineage.
To determine whether evolutionary rates were elevated differentially throughout the gene, we partitioned the Mid1 coding sequence into groups of exons and calculated synonymous and nonsynonymous divergence. Compared to other house mice, M. m. castaneus CAST had higher synonymous divergence and slightly higher nonsynonymous divergence from M. spretus across all groups of exons (Table 1) . Mid1 still showed constrained coding evolution in M. m. castaneus CAST , with K a /K s ratios less than 1, suggesting that the gene remains functional in this subspecies. Consistent with previous studies, elevated divergence in C57BL/6J was restricted to exons within the PAR (exons 4-10). This restricted pattern was also evident in M. m. domesticus WSB and M. m. musculus PWK , matching the approximate PAR boundaries we mapped in these subspecies.
We searched for substitution biases toward G and C as well as reductions in intron size, two additional patterns of molecular evolution that were previously associated with the PAR (Duret et al. 1995; Montoya-Burgos et al. 2003) . To measure intron length in Mid1, we quantified the total length of sequencing reads that were mapped to the C57BL/6J reference sequence in each subspecies. The total read lengths of each intron for M. m. domesticus WSB and M. m. musculus PWK closely matched those of C57BL/6J (Table 2) , with the smallest introns in the PAR (introns 4-10). In M. m. castaneus CAST , all introns showed some reduction in size; the most striking reductions occurred in introns 2, 3, and 6 where greater than 80 % of the introns were missing. The total length of mapped reads in introns may be biased if high levels of divergence prevent alignment to the reference genome. We verified the accuracy of the next-generation sequencing by PCR-amplifying sequences across introns 2 and 3 of M. m. castaneus
CAST . Both PCR-amplified introns closely matched the estimates from next-generation sequencing (intron 2: *4.5 kb PCR, 6.7 kb next-generation; intron 3: *3.2 kb PCR, 1.9 kb next-generation). We quantified a bias toward G and C substitutions in the coding region of Mid1. In all pairwise comparisons with M. spretus, nearly every substitution was a base change to G or C (M. m. castaneus elevated throughout Mid1 in third codon positions (GC3) and within introns (GCi) downstream of the transcription start site (Supplementary Tables 2 and 3) , where the gene is fully encompassed by the PAR. These patterns were restricted to the 3 0 end of the gene in the other subspecies, identical to the patterns observed in C57BL/6J (Perry and Ashworth 1999; Montoya-Burgos et al. 2003; Galtier 2004; Huang et al. 2005) .
To determine whether elevated sequence divergence persists through the entire M. m. castaneus CAST PAR, we conducted a sliding-window analysis of pairwise divergence from the PAR boundary (position 165,890,014) through the end of Mid1 (position 166,428,730). Divergence was indistinguishable in the three subspecies comparisons with M. spretus until the start of the Mid1 coding sequence (Fig. 6) . Additionally, we examined GC-biased substitution in the larger M. m. castaneus CAST PAR in 50-kb increments across the region. There were no clear differences in GC substitution bias across the intervals, with proportions ranging from 0.49 to 0.54. There were low levels of missing sequencing reads, opposite of what was observed in the Mid1 introns, in the region proximal to the To evaluate whether the high sequence divergence we observed in M. m. castaneus CAST was representative of the M. m. castaneus subspecies, we sequenced four exons in a second strain of M. m. castaneus (CIM) from India. We found a similar high sequence divergence in the coding region of Mid1 (Fig. 7) . Divergence was again elevated at both the 3 0 end and the 5 0 end of the gene. Additionally, we found a comparable reduction in the length of introns (intron 1: *3.5 kb; intron 2: *2.0 kb). Although we did not directly estimate the position of the PAR boundary in M. m. castaneus CIM , the molecular evolution of Mid1 suggests a larger PAR may also be present in this strain. Application of a similar mapping strategy to hybrids between M. m. castaneus CIM and M. m. domesticus WSB would clarify the boundary position.
Discussion
Sequence divergence within the PAR Several distinct patterns of molecular evolution have been observed within PARs, including high rates of nucleotide divergence, GC bias in nucleotide substitutions, and reductions in intron size (Salido et al. 1996; Perry and Ashworth 1999; Schiebel et al. 2000; Filatov and Gerrard 2003; Montoya-Burgos et al. 2003; Huang et al. 2005; Bussell et al. 2006; Kasahara et al. 2010 ). These patterns have been connected to high rates of recombination within the PAR (stemming from the obligate crossover that occurs in the region during male meiosis) and the biased fixation of GC alleles from recombination-associated gene conversion (Strathern et al. 1995; Rattray et al. 2001; Marais 2003; Duret and Galtier 2009 ). All three of the genes known to be located in the PAR in house mice show substantial divergence from rat and humans, biases toward G and C substitutions, and reductions in intron size [Sts (Salido et al. 1996; Filatov and Gerrard 2003; Kasahara et al. 2010), Mid1 (Perry and Ashworth 1999; MontoyaBurgos et al. 2003; Galtier 2004; Huang et al. 2005) , and Asmt (Kasahara et al. 2010) ]. Importantly, Mid1 exhibits only high divergence at the 3 0 end of the gene that resides within the PAR in C57BL/6J. In contrast, we demonstrated high divergence throughout the entire coding sequence of the gene in M. m. castaneus CAST , similar to the level of divergence separating rat and Mus. In addition, pairwise divergence between M. m. castaneus CAST and M. spretus is higher than all other subspecies comparisons with M. spretus. Combined, these molecular signatures suggest the entire Mid1 gene of M. m. castaneus CAST has resided within the PAR for a longer period of time, has been subject to higher rates of evolution, or both.
The high sequence divergence within Mid1 may instead be attributed to duplications of Mid1 exons within M. m. castaneus CAST . Each duplicated exon would accumulate independent substitutions, increasing the apparent level of divergence if sequenced together. Data from C57BL/6J suggest that Mid1 is subject to frequent spontaneous duplications caused by a high rate of unequal crossovers (Dal Zotto et al. 1998) . However, if duplications were driving sequence divergence, we would expect to see high heterozygosity in the Sanger sequences. Instead, most substitutions were clearly homozygous in both strains of M. m. castaneus (CAST and CIM; data not shown), suggesting that the elevated divergence was not caused by comparing paralogous genes.
Despite elevated divergence in Mid1, the intergenic sequence proximal to the gene resembled that of non-PAR divergence from other house mice. In other species, GC substitution bias decreases toward the PAR boundary (Huang et al. 2005; Bussell et al. 2006; Chen et al. 2006; Raudsepp and Chowdhary 2008) . In M. m. castaneus CAST , we observed an abrupt decline in GC substitution bias and nucleotide divergence immediately proximal to the coding sequence of Mid1, with levels remaining low throughout the 385 kb to the PAR boundary. Furthermore, although it is difficult to reliably measure indels using next-generation sequencing assemblies, there was little missing sequence proximal to the Mid1 transcription start site. The dichotomy in sequence divergence between the proximal and distal segments of the M. m. castaneus CAST PAR suggests that the proximal segment is a recent translocation of X chromosome sequence to the Y chromosome. The second PAR in humans was formed by recombination between LINE elements (Kvaløy et al. 1994 ) that led to translocations between nonhomologous regions of the X and Y (Freije et al. 1992; Charchar et al. 2003 ). An alternative possibility is that the proximal PAR in M. m. castaneus CAST is a region of ancestral homology between the X and Y chromosome and sequence divergence has been suppressed. However, this scenario seems unlikely based upon the abrupt shift in sequence divergence between the proximal and distal halves of the M. m. castaneus CAST PAR. GC content would likely remain high in the proximal half of the PAR after the boundary shift in M. m. musculus and M. m. domesticus if the region is ancestral. In humans, GC content remains high throughout the entire XG gene, even though the proximal portion is no longer within the PAR (Galtier 2004 ).
Evolution of the house mouse PAR boundary
The PAR boundary of house mice is thought to have originated from a single rearrangement of Mid1 from an ancestral, X-linked location to the current position spanning the PAR boundary of C57BL/6J (Perry and Ashworth 1999; Perry et al. 2001; Galtier 2004) . We describe similar PAR boundaries within Mid1 in another representative of M. m. domesticus (WSB/EiJ) and in a different subspecies (White et al. 2009; Keane et al. 2011) , the most parsimonious evolutionary scenario is that the ancestral PAR boundary was located within Mid1. Following this rearrangement, there was an independent shift of the PAR boundary to a more proximal location in the M. m. castaneus lineage (Fig. 8) . Under this scenario, the Mid1 gene would be positioned further from the PAR boundary in M. m. castaneus CAST where recombination rates would be higher (Burgoyne 1982; Rouyer et al. 1986 ). The accompanying higher rate of gene conversion would result in higher sequence divergence within Mid1. Consistent with this model, we observed a dramatic lineage-specific increase in the evolution of Mid1 in two independent strains of M. m. castaneus from different geographic regions (Thailand and India). Evidence for this model could be evaluated further by mapping the boundary position in a more closely related ancestor than M. spretus, such as Mus spicilegus.
Alternatively, variation in PAR boundaries among strains may reflect ancestral polymorphism rather than subspecies differences. House mouse subspecies exhibit high levels of incomplete lineage sorting across the genome (Geraldes et al. 2008; White et al. 2009; Keane et al. 2011) , consistent with a recent divergence time of * 500,000 generations (She et al. 1990; Boursot et al. 1996; Suzuki et al. 2004; Salcedo et al. 2007; Geraldes et al. 2008 ).
Polymorphism surveys of more individuals from each subspecies are needed to determine the nature of the PAR boundary differences documented here.
Implications of PAR variation in house mice
Variation in PAR structure has been linked to meiotic failures and reproductive isolation in hybrids between M. spretus and M. m. domesticus (C57BL/6J). Heterozygosity in the PAR causes premature dissociation of the sex chromosomes and sterility in F1 males (Guénet et al. 1990; Matsuda et al. 1991 Matsuda et al. , 1992 Hale et al. 1993) . Although the boundary structure has diverged substantially in the two species (Palmer et al. 1995; Rugarli et al. 1995; Dal Zotto et al. 1998; Perry and Ashworth 1999) , the precise boundary and overall size of the PAR has not been identified in M. spretus. Furthermore, the exact structural variant responsible for meiotic arrest has not been determined. The threshold of divergence needed to reduce the efficacy of XY chromosome pairing and to trigger meiotic arrest remains unknown.
The M. m. castaneus CAST PAR exhibits multiple types of structural variation. In addition to an alternative PAR boundary, we detected over 50 kb of sequence that was deleted from the introns of Mid1 relative to M. m. domesticus. Together, there has been divergence in the location and amount of homology from M. m. domesticus available for XY pairing. Despite high divergence, F1 sterility has not (White et al. 2009; Keane et al. 2011) , the PAR boundary could have shifted independently into Mid1 in the two lineages leading to M. m. musculus and M. m. domesticus (a). A more parsimonious scenario is that the house mouse ancestral boundary resided within Mid1 and moved proximally only in the M. m. castaneus lineage (b). The red and blue bars denote regions of X and Y chromosome homology of the distal and proximal PAR boundaries, respectively. Arrowheads denote changes in PAR boundary position. Branches are not drawn to scale. The centromere (cen.) and telomere (tel.) ends of the X chromosome are indicated been observed in multiple crosses with this strain. M. m. castaneus CAST has frequently been used for genetic mapping in crosses with classical inbred strains of mice (mostly of M. m. domesticus origin; e.g., Janaswami et al. 1997; Anunciado et al. 2000; Ishikawa et al. 2000; Lyons et al. 2003 Lyons et al. , 2004 Yi et al. 2006) . Backcross and intercross populations have been regularly established, indicating that the F1 hybrids between these two subspecies are effectively fertile. In most crosses, reproductive parameters have not been examined, making it difficult to determine whether subfertility exists. In the few instances where meiotic phenotypes were quantified, high levels of premature XY dissociation were noted in hybrids with M. m. castaneus (Matsuda et al. 1982) , including the strain used in this study (CAST/EiJ; White et al. 2012) . These crosses also do not address whether sterility occurs in generations beyond F1. In F2 hybrids between M. m. castaneus CAST and M. m. domesticus (WSB/EiJ), hybrid male sterility was strongly associated with the PAR (White et al. 2012) . Sterility in these cases could result from unequal crossing over between structurally different PARs (Harbers et al. 1986; Kipling et al. 1996a, b; Dal Zotto et al. 1998 ), resulting in duplications or deletions in the region.
Variation in the PAR boundary may also have consequences for the expression of a key developmental patterning gene, Mid1. Mid1 is broadly expressed throughout mouse development (Quaderi et al. 1997; Dal Zotto et al. 1998 ) and has conserved roles in midline patterning in humans (Gaudenz et al. 1998 ) and mice (Lancioni et al. 2010) . In C57BL/6J, the first three 5 0 exons are missing on the Y chromosome and appear to be transcribed exclusively from the X chromosome (Palmer et al. 1997) . In M. m. castaneus CAST , all exons are present on the X and Y chromosomes. This raises the possibility that Mid1 can be transcribed from both chromosomes, potentially doubling gene dosage in males. Furthermore, recombination in F1 hybrids between M. m. castaneus CAST and other subspecies would create Mid1 transcripts that contain a subset of highly diverged M. m. castaneus CAST exons. Mid1 is known to have a large number of tissue-specific splice variants (Winter et al. 2004) . Combining exons from different subspecies may result in transcripts with altered tissue expression. M. m. castaneus CAST parents and hybrids provide useful resources to explore how Mid1 regulation is affected by the evolution of PAR boundary position.
